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Recombinant AAVs are highly popular gene transfer vec-
tors1,2. Despite their widespread use, classic gene replacement 
approaches are not suitable to treat newborn or pediatric 

populations for some target organs. Specifically, in the liver, hepa-
tocyte proliferation and turnover dilutes vector episomes, elimi-
nating therapeutic expression during growth and development3–5. 
To overcome the challenge of treating pediatric populations, inte-
grative vectors may achieve lifelong therapeutic gene expression. 
Correcting a disease early in a individual’s life may prevent disease 
progression, secondary complications or death.

As an alternative to gene replacement, we have developed a pro-
moterless recombinant AAV (rAAV)-based gene-targeting strategy 
referred to as ‘GeneRide’ or AAV-HR6. This gene-editing technol-
ogy targets the 3′ coding region of a highly expressed gene, such 
as albumin (Alb), using homology arms surrounding a self-cleaving 
peptide (P2A) and a transgene. Successful gene targeting via HR 
results in conversion of the native mRNA to a fusion mRNA 
(Alb-P2A-transgene) and translation of the endogenous and trans-
gene proteins. This technology has shown permanent correction in 
animal models of several human diseases6,7.

Despite its effectiveness as an experimental therapy, the overall 
rate of AAV-HR remains low. Furthermore, the molecular mecha-
nism of such gene targeting is not fully understood. Here, we iden-
tify a small-molecule drug that can be administered transiently 
and safely to enhance gene editing in developing somatic mam-
malian tissue.

Results
RNR inhibition enhances gene targeting in cultured cells. 
Because increased vector copy numbers might improve AAV-HR, 
we first evaluated compounds previously reported to enhance stan-
dard rAAV transduction, confirming their transduction-improving 

properties8–16 (Supplementary Table 1 and Supplementary Fig. 1a). 
We then used a promoterless vector targeting the glyceraldehyde- 
3-phosphate dehydrogenase (GAPDH) locus for HR, designated 
rAAVDJ-GAPDH-P2A-GFP, to evaluate if these drugs could 
also increase AAV-HR efficiency. This vector expresses green 
fluorescent protein (GFP) following on-target HR, allowing 
fluorescence-activated cell sorting (FACS) quantification of HR 
events17 (Fig. 1a). As rAAVDJ-GAPDH-P2A-GFP lacks a promoter 
and start codon at the N terminus of GFP, there is little functional 
expression from episomal rAAV genomes; as such, detection of 
GFP+ cells following transduction at a high multiplicity of infection 
(20,000 viral genomes per cell) in vitro was near the limit of detec-
tion (Extended Data Fig. 1a). However, when treated with hydroxy-
urea (HU), cells showed a three- to fourfold increase in GFP+ cells 
(Fig. 1b), whereas most of other compounds failed to increase the 
GFP+ fraction to the extent of HU (Extended Data Fig. 1a).

A well-defined target of HU is the RNR enzyme, which gener-
ates deoxyribonucleotides from ribonucleotides18. Therefore, we 
examined the effects of other RNR inhibitors (fludarabine, triapine 
and gallium nitrate) on transduction and found that these drugs 
also enhanced promoter-driven expression, except gallium nitrate18  
(Fig. 1c). In the flow cytometry HR assay, we observed an increase 
in GFP+ Huh7 cells pretreated with fludarabine and triapine  
(Fig. 1b). To explore RNR inhibition as a mechanism for increased 
HR, we used siRNA knockdown of RRM1, the main subunit of the 
RNR complex18. Knockdown of RRM1 also increased GFP+ frac-
tions in rAAVDJ-GAPDH-P2A-GFP-transduced cells (Fig. 1d,e). 
These data supported that suppressing RNR can increase gene tar-
geting in vitro. To confirm on-target HR, we used PCR to amplify 
genomic DNA (gDNA) at the left integration junction in Huh7 
cells after infection. One primer binds to the upstream genomic 
sequence, past the homology arms, and the second primer binds to 
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Fig. 1 | Inhibition of RNR increased the efficiency of gene targeting in human and mouse cell lines. a, The GAPDH genomic locus after on-target HR with 
the rAAVDJ-GAPDH-P2A-GFP gene-targeting vector. The positions of in and out PCR primers, to detect site-specific integration, are indicated by black 
arrows. b, Huh7 cells were treated with RNR inhibitors and transduced with the gene-targeting vector rAAVDJ-GAPDH-P2A-GFP. Flow cytometry analysis 
of GFP+ fractions was performed after 14 d; Flu, fludarabine; Tri, triapine; Gal, gallium nitrate. Bars represent the group mean, and error bars represent s.d.; 
n = 3 biological replicate wells. Significance was determined by one-way analysis of variance (ANOVA) with Dunnett’s test for multiple comparisons.  
P values of all groups were <0.0001, except Gal, which was 0.9998. c, Huh7 cells were treated with RNR inhibitors and transduced with an rAAVDJ vector 
expressing Firefly luciferase (Fluc) from the CAG promoter. Luciferase activity was measured 24 h later; RLU, relative light units. Data from b and c are 
representative of two independent experiments. Values are displayed as the group means, with error bars representing s.d.; n = 3 biological replicate  
wells. Significance was determined by one-way ANOVA analysis with Dunnett’s test for multiple comparisons. d,e, Huh7 cells were transfected with  
RRM1 small interfering RNA (siRNA; siRRM1) and transduced with rAAVDJ-GAPDH-P2A-GFP; siScr, scrambled siRNA control. Western blotting of RRM1 
was performed 2 d after siRNA transfection (d). The GFP+ fraction was analyzed by flow cytometry 3 d after transduction (e). Bars represent the group 
mean, and error bars represent s.d.; n = 3 biological replicate wells. Data are representative of two independent experiments. Significance was determined 
using a two-tailed t-test. f, A junction capture PCR was used to detect on-target integration at the GAPDH locus using gDNA extracted from Huh7 cells 
treated with the indicated RNR inhibitors 14 d after AAV transduction. Control reactions included amplification of the ACTB locus; M, size marker.  
g, Murine Hepa1-6 cells were treated with RNR inhibitors and transduced with the rAAVDJ-Alb-P2A-GFP targeting vector. Flow cytometry analysis of GFP+ 
fractions at 14 d after AAV transduction is shown. Bars represent the group mean, and error bars represent s.d.; n = 3 biological replicate wells. Data are 
from two independent experiments. The HU group P values were 0.0002 and 0.0076 for the fludarabine group. h, The mouse Alb locus after HR with the 
gene-targeting rAAVDJ-Alb-P2A-GFP vector is shown. The positions of quantitative PCR (qPCR) primers to detect on-target integrated fusion mRNA are 
indicated; Ex, exon. i, RNA was extracted from transduced Hepa1-6 cells, and qPCR was performed to quantify expression levels of on-target Alb-P2A-GFP 
fusion mRNA. Actb mRNA was used for normalization, and data are shown as relative expression to control. Bars represent the group mean, and error 
bars represent s.d.; n = 3 biological replicate wells. Data are from two independent experiments. Significance was determined by one-way ANOVA with 
Dunnett’s test for multiple comparisons for all data, unless otherwise indicated; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; NS, not significant.

NATuRe BIoTeCHNoloGy | www.nature.com/naturebiotechnology

http://www.nature.com/naturebiotechnology


ArticlesNATuRE BIoTECHNology

the P2A sequence (Fig. 1a). As such, correctly integrated genomic 
sequences with the expected size were amplified only in transduced 
cells (Fig. 1f).

We also examined HU or fludarabine treatment in the mouse 
hepatoma cell line Hepa1-6 using a vector targeting the mouse 
Alb locus, named rAAVDJ-Alb-P2A-GFP (Fig. 1g). As before, 
HU or fludarabine pretreatment increased the GFP+ fractions in 
rAAVDJ-Alb-P2A-GFP-infected Hepa1-6 cells (Fig. 1g). To further 
confirm targeted integration, we analyzed on-target Alb-P2A-GFP 
fusion mRNA levels by qPCR (Fig. 1h) and observed 3.5- or 2.6-fold 
higher levels in HU- or fludarabine-treated cells, respectively  
(Fig. 1i). These data showed that RNR inhibitors increased rAAV 
gene targeting in vitro, independent of species and target locus.

Fludarabine increases AAV-mediated gene targeting in vivo. Next, 
we injected a gene-targeting vector named rAAV8-Alb-P2A-hF9, 
containing human coagulation factor 9 (hF9; gene name F9) within 
homology arms targeting the mouse Alb locus, with or with-
out administration of HU or fludarabine into 4-week-old mice6  
(Fig. 2a). Strikingly, we observed a sustained 2.7- to 4.6-fold increase 
of plasma hF9 levels in mice treated with fludarabine, but not 
HU, compared to control mice (Fig. 2b). Importantly, fludarabine 
administration did not alter body or liver weights, and no toxicity 
was observed based on complete blood counts, blood biochemical 
examination, alanine transaminase levels and liver histopathologi-
cal analysis by a trained veterinarian pathologist (Supplementary  
Table 2 and Extended Data Fig. 1b–e). Furthermore, rAAV genomes 
per diploid hepatocyte were unchanged by either drug treatment, 
showing that improved hF9 expression was not the result of 
increased vector delivery into the liver (Fig. 2c).

To confirm HR in liver gDNA, we amplified the right-sided 
integration junction using a primer binding in the mouse genome 
and a primer in hF9 (Supplementary Fig. 2a). An on-target 
HR-derived amplicon (expected size of 1.6 kilobases (kb)) 
appeared in rAAV-injected mouse samples only (Supplementary 
Fig. 2b). A 1.5-kb nested PCR amplicon (primers Fw3 and Rv2) 
was TOPO cloned, and five clones (one from each mouse) were 
Sanger sequenced, confirming correct on-target integration with-
out any indels (Supplementary Fig. 2c,d). We next quantified the 
amount of fusion hF9 mRNA derived from on-target integration 
(Fig. 2d). Fusion mRNA levels were significantly higher in the 
fludarabine-treated animals (5.1-fold increase; Fig. 2e). qPCR of total 
hF9 mRNA with transgene-internal primers, which detects mRNA 
from targeted integration, random integration or episomal-derived 
expression, showed a 4.4-fold increase in fludarabine-treated 
versus control mice (Fig. 2f). To determine the level of expres-
sion from sources other than HR, we compared the abundance 
of the on-target fusion mRNA to the total amount of hF9 mRNA  
(Fig. 2g). hF9 fusion mRNA from on-target HR represented  
~30–40% of the total hF9 mRNA; importantly, this ratio was 
unchanged by fludarabine treatment. Endogenous Alb expression 
also remained unchanged (Extended Data Fig. 1f). These data 
demonstrated that fludarabine increased hF9 expression through 
enhanced AAV-HR efficiency.

We next used RNAScope in situ hybridization to visualize hF9 
and mouse Alb mRNAs on a single-cell level in mouse liver. Mouse 
Alb mRNA was immensely abundant in all hepatocytes, while hF9 
mRNA was expressed in relatively few hepatocytes, consistent 
with the low frequency of gene targeting and a paucity of episomal 
expression7,19 (Extended Data Fig. 2a–c). These infrequent hF9+ 
cells displayed strong intracellular staining and were readily vis-
ible in fludarabine-treated animals, supporting that fludarabine 
enhanced AAV-HR efficiency.

Our following experiment was to confirm that transgene- 
expressing hepatocytes contained on-target HR using the target-
ing vector rAAV8-Alb-P2A-GFP. After pretreatment with PBS or 

fludarabine and injection with rAAV8-Alb-P2A-GFP in 4-week-old 
mice, we isolated hepatocytes and sorted the GFP+ hepatocyte pop-
ulation by FACS; the GFP+ hepatocyte population was increased 
by fludarabine (~fivefold), as seen before (Supplementary Fig. 3). 
gDNA was then extracted, and droplet digital PCR (ddPCR) reac-
tions were used to amplify an untargeted region of Alb to quantify 
the number of endogenous unedited Alb copies (Supplementary 
Fig. 4a). In the same reactions, primers and a probe for on-target 
HR were also included (Supplementary Fig. 4b). We found that in 
PBS-treated mice, approximately ~1.8% of Alb alleles contained 
on-target HR; in fludarabine-treated animals, ~3.5% of Alb alleles 
contained on-target HR (Supplementary Fig. 4c,d). This char-
acterization confirmed that some GFP+ hepatocytes possessed 
on-target HR and that fludarabine did not decrease the ratio of 
on-target-to-off-target integration.

Next, we examined the use of fludarabine in neonatal mice 
as a test of efficacy in a stringent model of vector dilution, organ 
development and cell growth. As such, we injected 7-d-old mice 
with rAAV-Alb-hF9 in combination with a 2-d administration 
of PBS or fludarabine. We then monitored hF9 plasma levels for 
84 d, which showed a significant increase in expression in the 
fludarabine-treated groups, despite no difference in body weight 
gain or remaining viral genomes in the mouse livers at the end of 
the experiment (Fig. 2h and Extended Data Fig. 3a–c). qPCR data 
showed a greater than twofold increase in both on-target fusion 
mRNA and total hF9 mRNA in fludarabine-treated mice (Extended 
Data Fig. 3d,e). On-target fusion mRNA comprised ~80% of total 
hF9 mRNA in both treatment groups, and Alb mRNA remained 
unchanged (Extended Data Fig. 3f,g). Separately, hematoxylin and 
eosin (H&E) sections of livers from mice treated as neonates with 
rAAV and PBS or fludarabine were examined by a pathologist 157 d 
after treatment (Supplementary Fig. 5a). Although minor inflam-
mation was noted in some animals from both treatment groups, 
there were no signs that fludarabine caused liver damage, with no 
group-dependent signs of neoplasms, bilirubin retention, microcy-
tosis or fatty livers. Liver weights remained unchanged by fludara-
bine treatment (Supplementary Fig. 5b). In all neonatally treated 
mice, no visable tumor growth was observed at the time of liver col-
lection. Thus, fludarabine did not cause overt harm to the liver of 
neonatally treated mice but successfully increased AAV-HR.

We also examined a fludarabine dose response in 4-week-old 
mice. Five days of fludarabine injections resulted in the highest 
plasma hF9 levels (6.4-fold versus PBS) and did not significantly 
decrease body weight (Fig. 2i and Extended Data Fig. 4). Delayed 
fludarabine administration, 4 weeks after vector injection, did 
not alter hF9 expression, suggesting that the enhancing effect of 
fludarabine requires temporal proximity to rAAV transduction 
(Supplementary Fig. 6a,b). Additionally, fludarabine increased 
gene targeting to the Apoe locus, demonstrating that its effect is 
not restricted to a single locus (Supplementary Fig. 6c). After pre-
treatment with fludarabine and injection of a promoter-bearing 
vector expressing human α-1-antitrypsin (SERPINA1; also known 
as hAAT), rAAV8-HLP-hAAT, there was no sustained increase in 
serum hAAT levels (Supplementary Fig. 7a). At 11 weeks (end of 
experiment), there was no difference in SERPINA1 mRNA levels 
(Supplementary Fig. 7b). We also determined that neither HU nor 
fludarabine changed the amount of total nuclear or double-stranded 
rAAV genomes in Huh7 cells (Supplementary Fig. 7c,d). Thus, 
fludarabine may alter the dynamics of rAAV genome processing 
without altering overall entry efficiency.

Fludarabine transiently suppresses hepatocyte proliferation. 
HU induces cell cycle arrest and can synchronize cultured cells in 
S phase; moreover, HR is most active in the S/G2 phases of the cell 
cycle20–23. Such an effect could increase HR, so we investigated the 
cycling status of liver cells via bromodeoxyuridine (BrdU) labeling 
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of DNA synthesis. Mice were injected with BrdU for 3 d with or 
without fludarabine, and liver sections were stained with anti-BrdU 
(Fig. 3a and Supplementary Fig. 8a,b). BrdU incorporation aver-
aged ~50 positive nuclei per field of view in control mice, while 
BrdU-labeled nuclei were nearly absent in fludarabine-treated mice, 
demonstrating a strong inhibitory effect of fludarabine on hepa-
tocyte DNA synthesis (Fig. 3b,c). Following fludarabine removal, 
BrdU incorporation began to recover, suggesting that BrdU+ hepa-
tocytes progressed through S phase after drug washout (Fig. 3b,c). 
These data indicate that fludarabine treatment causes a transient 
and substantial inhibition of cell proliferation/DNA synthesis in 
mouse livers. Thus, increased hepatocyte proliferation is not the 
cause of increased gene targeting with fludarabine treatment.

To further study the relationship between cell cycling and HR, 
we injected rAAV8-Alb-P2A-GFP simultaneously with BrdU and 
co-stained hepatocytes, which underwent HR (GFP signal) and 
DNA synthesis (BrdU) (Fig. 3d). As before, fludarabine increased 
GFP+ cells ~4.7-fold (Fig. 3e,f). On-target fusion GFP mRNA 
significantly increased six- to sevenfold in fludarabine- versus 
PBS-treated animals, whereas Alb mRNA expression remained 
unchanged (Fig. 3g,h). Surprisingly, we found that BrdU (S phase 
marker) colocalized with GFP (HR marker) infrequently at 4.0% of 
all GFP+ cells in PBS-treated mice and 1.8% in fludarabine-treated 
mice (Fig. 3i). Thus, most GFP+ cells had not progressed through S 
phase during the timeframe of the experiment, regardless of drug 
treatment. Overall, progression through S phase may not be a pri-
mary determinant of rAAV-HR in vivo.

Fludarabine induces a transient DNA damage response. 
Fludarabine has numerous effects on cells; it is incorporated into 
DNA during replication or repair24–26, reduces the dNTP pool by 
RNR inhibition and causes premature transcription termination26–28. 
Any of these events can trigger DNA repair pathways, which can be 
linked to increased HR efficiency29–31. To assay for a DNA damage 
response, we stained for phosphorylated Ser 139 H2AX (γH2AX) 
in liver sections from the mice studied in Fig. 3a32. Minimal levels 
of γH2AX were detected in untreated or BrdU-only-treated livers  
(Fig. 4a,b and Supplementary Fig. 8c,d). Mice treated with dieth-
ylnitrosamine (DEN), a potent mutagen, showed intense γH2AX 
staining (Supplementary Fig. 8c)33. During fludarabine treat-
ment, mouse livers possessed widespread pan-nuclear γH2AX foci  

(Fig. 4a,b). The number of γH2AX+ nuclei lessened after fludara-
bine removal (Fig. 4a,b). Western blotting for γH2AX using liver 
lysates from the same animals provided similar and hence consis-
tent results (Fig. 4c). We also found that siRNA-mediated knock-
down of RRM1 or fludarabine treatment strongly increased γH2AX 
levels in Huh7 cells (Supplementary Fig. 9). Thus, fludarabine tem-
porarily activated DNA repair signaling, which, in part, explains the 
mechanism of increased gene-targeting efficiency.

DEN can increase AAV-HR but also off-target expression. 
Treatments that induce DNA damage can increase gene target-
ing rates in cultured cells34 (Extended Data Fig. 1a). To deter-
mine if genotoxicity is also a governing principle for rAAV-HR 
in vivo, we used DEN and rAAV8-Alb-P2A-hF9 co-injections in 
mice. DEN administration significantly decreased body weight in 
a dose-dependent manner, indicative of toxicity (Extended Data 
Fig. 5a). DEN at a dose of 30 mg kg–1 increased hF9 plasma levels 
~3.6-fold (Extended Data Fig. 5b), whereas a lower dose (10 mg kg–1) 
did not significantly change hF9 levels. Total hF9 mRNA expression 
was only significantly increased by high-dose DEN administration 
(two- and fourfold increase at low and high doses, respectively), 
whereas Alb mRNA expression was unchanged (Extended Data 
Fig. 5c,d). On-target HR-derived fusion hF9 mRNA was ~two-
fold higher at both doses (Extended Data Fig. 5e). Comparing the 
on-target fusion mRNA to total hF9 mRNA showed a trend toward 
decreased on-target-derived mRNA with the high dose of DEN 
(Extended Data Fig. 5f). Thus, low-dose DEN did not significantly 
increase plasma hF9 or total hF9 mRNA levels; high-dose DEN 
showed some limited enhancement of hF9 expression, however, 
this treatment resulted in toxicity and increased off-target effects. In 
total, DEN could not safely enhance AAV-HR to the extent that we 
observed with fludarabine.

Fludarabine increases CRISPR/Cas9 gene editing efficiency. 
Programmable nucleases, such as CRISPR/Cas9, can also increase 
rAAV-HR efficiency through DNA damage19,35. To investigate if 
CRISPR/Cas9-mediated HR is influenced by fludarabine, mice were 
injected with two rAAVs: one delivered Staphylococcus aureus Cas9 
(saCas9) plus a gRNA targeting the intron after exon 14 in mouse 
Alb (AAV-Cas9) and a second AAV vector encoding a promoterless 
GFP sequence flanked by homology arms (AAV-GFP-HDR; Fig. 5a).  

Fig. 2 | Fludarabine administration increased the efficiency of gene targeting in mouse hepatocytes. a, Four-week-old mice were administered 
intraperitoneal (i.p.) injections of HU (300 mg kg–1) once per day or fludarabine (125 mg kg–1) three times per day through day 1 to day 3. Mice were also 
administered intravenous (i.v.) injections with the rAAV8-Alb-P2A-hF9 targeting vector (1.0 × 1011 viral genomes per mouse) on day 1 immediately after 
the HU or second fludarabine injection. b, hF9 protein levels in mouse plasma were determined using an enzyme-linked immunosorbent assay (ELISA) 
following rAAV8-Alb-P2A-hF9 targeting vector injection with or without drug treatment over a 65-d period. Values are displayed as the group mean 
with error bars representing s.d.; n = 5 mice per group. Significance testing was performed by two-way ANOVA analysis. c, gDNA was extracted from 
liver tissues 65 d after rAAV8-Alb-P2A-hF9 injection, and qPCR was performed to quantify total AAV genomes. Actb primers were used to quantify 
mouse diploid genomes. Each point represents data from one mouse. Bars represent the group mean, and error bars represent the s.d.; n = 5 mice per 
group. Significance testing was performed using a one-way ANOVA analysis followed by Dunnett’s t-test. d, The mouse Alb locus after HR with the 
gene-targeting AAV-Alb-P2A-hF9 vector is shown. Exon–intron structure and the positions of qPCR primer pairs used for e–g are indicated; HA, homology 
arm; Fw, forward; Rv, reverse. e–g, Total RNA was extracted from mouse liver tissues in Fig. 2b. qPCR assays quantified the expression levels of on-target 
integration-derived Alb-P2A-hF9 fusion mRNA (primers Fw1 and Rv2; arrows) (e), total hF9 mRNA (Fw2 and Rv3) (f) and the fraction of hF9 fusion 
mRNA derived from on-target HR out of the total amount of hF9 mRNA (g). Actb mRNA was used for normalization, and data are shown as relative 
expression to the PBS-treated group. Bars represent the group mean, and error bars represent the s.d.; n = 5 mice per group. Significance was determined 
using a one-way ANOVA analysis followed by Dunnett’s t-test, unless otherwise indicated. h, One-week-old male neonatal mice were injected i.p. with 
PBS or fludarabine (375 mg kg–1) and 4 h later with rAAV8-Alb-P2A-hF9 (2.5 × 1013 viral genomes per kilogram of body weight). A second fludarabine 
dose was given 1 d after vector injection. Four weeks later, plasma was drawn, and hF9 levels were measured by ELISA; n = 6 PBS-treated mice and n = 8 
fludarabine-treated mice. Values are displayed as the group mean, with error bars representing s.d. Significance testing was performed by two-way 
ANOVA. i, Fludarabine dosing regimens were tested by i.p. administration (125 mg kg–1) three times per day for one, three or five sequential days. 
Four-week-old mice were injected i.v. at day 1 with the rAAV8-Alb-P2A-hF9 targeting vector (1.0 × 1011 viral genomes per mouse) immediately after the 
second fludarabine administration injection. Blood was collected 2 months later, and hF9 protein levels were determined via ELISA. Values are displayed 
as the group mean with error bars representing s.d.; n = 4 mice per group (see also Extended Data Fig. 6). Significance was determined using a one-way 
ANOVA followed by Dunnett’s t-test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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We examined various ratios of AAV-Cas9 to AAV-GFP-HDR 
(1:1, 1:5 and 1:10) co-injections, with or without fludarabine. We 
found that fludarabine treatment increased the abundance of GFP+ 
hepatocytes at all ratios (Fig. 5b,c). On-target fusion mRNA also 
showed an increase of 2- to 3.6-fold with fludarabine treatment 
(Fig. 5d). Viral genome copies showed no significant differences 
between treatments, except in the 1:10 group (Extended Data Fig. 
6a,b). To determine if fludarabine influenced DNA repair at the 
target site, we performed targeted deep sequencing using liver 
gDNA from mice injected with AAV-Cas9 alone36. There was a 
two- to threefold increase in insertions/deletions (indels) present in 
fludarabine-treated mice (Fig. 5e). Additionally, analysis of the top 
12 indel-containing alleles showed an absence of larger insertions 
from fludarabine-treated animals (Fig. 5f). saCas9 mRNA levels 
were unchanged by fludarabine treatment (Extended Data Fig. 6c). 
In total, fludarabine also enhanced CRISPR/Cas9-mediated gene 
editing in vivo, likely through stimulation of DNA repair and/or 
altered repair characteristics at the target site.

Discussion
In this study, we showed that short-term treatment with fluda-
rabine, a Food and Drug Administration (FDA)-approved drug 
currently in clinical use for pediatric populations37, significantly 
enhanced HR gene editing without causing overt toxicity in juvenile 
and neonatal mice. To date, no other compounds have been proven 
to increase gene editing efficiencies in somatic mammalian tissue; 
heretofore, edit-enhancing drugs have been applied only in cultured 
cells or zygotes38–44. We provide functional and molecular evidence 
that fludarabine significantly enhances both AAV-HR and CRISPR/
Cas9-mediated HR efficiencies. Thus, fludarabine can increase edit-
ing efficiencies across numerous contexts, editing technologies and 
genomic targets.

While our data implicated that some expression from epi-
somes or off-target integration of the rAAV vector may occur, it 
is important to note that treatment with fludarabine did not alter 
the ratio of on-target-to-off-target expression. Future studies 
will focus on examining the off-target-mediated expression and 

b

c d

e f g

h i

AAV8-Alb-P2A-hF9

HU or

C57BL/6J
3–4 weeks old

Day
1

Day
2

Day
3

0 20 40 60
0

200

400

600

800

1,000

1,200

Time (d)

P
la

sm
a 

hF
9 

(n
g 

m
l–1

)

Flu

HU

PBS
P < 0.0001

****

NS

PBS HU

****
****

Flu
0

50

100

150

A
A

V
 v

ira
l g

en
om

es
pe

r 
di

pl
oi

d 
ge

no
m

e

NS

NS

Left HA

P2A  hF9 Right HA  Ex 12 Ex 13 Ex 14

Fw1

Rv2Rv1

Fw2

Rv3

PBS HU Flu

0

2

4

6

8

R
el

at
iv

e 
on

-t
ar

ge
t

hF
9 

fu
si

on
 m

R
N

A

NS

PBS HU Flu
0

2

4

6

8

R
el

at
iv

e 
to

ta
l

hF
9 

ex
pr

es
si

on

NS

a

PBS HU Flu
0

20

40

60

80

100

O
n-

ta
rg

et
 fu

si
on

 m
R

N
A

/to
ta

l h
F

9 
m

R
N

A
 (

%
)

NS

NS

20 40 60 80
0

200

400

600

800

Time after injection (d)

P
la

sm
a 

hF
9 

(n
g 

m
l–1

)

PBS

Flu

P = 0.0093
**

PBS 1 d 3 d 5 d
0

500

1,000

1,500

2,000

P
la

sm
a 

hF
9 

(n
g 

m
l–1

)

NS

***

****

PBS, Flu

NATuRe BIoTeCHNoloGy | www.nature.com/naturebiotechnology

http://www.nature.com/naturebiotechnology


Articles NATuRE BIoTECHNology

integration of the promoterless rAAV vectors. While increasing 
the frequency of random rAAV off-target integration may con-
fer some risk of hepatocellular carcinoma, we emphasize that our 

vectors lack exogenous promoter sequences, which are known as 
the key drivers of oncogenesis after rAAV or lentiviral insertion 
near proto-oncogenes45,46. In this regard, promoterless rAAVs were 
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displayed as the percentage of total GFP+ cells per group.
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shown to be far safer than classical promoter-bearing vectors in 
a mouse model of methylmalonic acidemia, and AAV integration 
has not been established as a cause of hepatocellular carcinoma 
in humans47. As such, increased integration of promoterless vec-
tors, due to fludarabine treatment, is unlikely to be oncogenic; this 
theory was supported by the overt lack of any tumor generation in 
our long-term experiments.

Certain HR pathway factors have been identified as important 
components for rAAV-HR41. In this regard, canonical HR is pre-
dominantly active during the S/G2 phases of the cell cycle21–23. 
Contrary to this S phase-centric principle, our present data showed 
that ~96% of hepatocytes undergoing AAV-HR were not coimmu-
nostained with BrdU, suggesting that S phase progression is not a 
major determining factor in AAV-HR in vivo. It should be noted 

that most in vivo hepatocytes are in G0, which is considerably dif-
ferent from cultured cells and could contribute to the discordance 
with previous studies conducted in cell culture48. Additionally, oth-
ers have reported that AAV-mediated HR can occur independent 
of S phase in cardiomyocytes49. Another consideration is the pos-
sibility for gene expression to occur following non-HR events when 
using promoterless vectors, although successful transcription and 
translation is likely to be rare due to the lack of an N-terminal start 
codon and promoter.

The lack of S phase progression in AAV-HR+ hepatocytes sug-
gested an effect of fludarabine in non-proliferating hepatocytes. 
Fludarabine inhibits the catalytic subunit of the RNR complex 
RRM1, which functions throughout the cell cycle18. Thus, fludara-
bine can antagonize basal DNA repair levels in non-dividing cells 
due to decreased intracellular dNTPs24. Moreover, fludarabine, a 
purine analog, is incorporated into replicating DNA but also into 
nascent RNA, leading to premature transcription termination50. 
Reduction of intracellular dNTP pools, replication stalling and 
premature transcription termination can all activate DNA repair 
pathways, which could explain the enhancing effect of fludarabine 
in non-proliferating hepatocytes. By examining γH2AX levels, we 
confirmed widespread transient activation of DNA repair signaling 
in fludarabine-treated mouse livers. γH2AX is a hallmark of various 
DNA repair pathways and facilitates the recruitment and accessi-
bility of repair factors to damaged DNA, which could directly or 
indirectly promote HR51,52. Lastly, the interaction with DNA repair 
by fludarabine was also observed by the altered repair characteris-
tics at the targeted locus in mice injected with AAV-Cas9. Although 
γH2AX and DNA damage could be associated with apoptosis, 
H&E examination of murine livers showed no signs of cell death 
or necrosis 12 h after treatment with fludarabine. Furthermore, 
the induction of DNA repair signaling likely influences transduc-
tion and perhaps recombinogenic forms of rAAV53. Indeed, we 
noted transient effects on vector transduction with fludarabine use 
in vivo. Therefore, fludarabine treatment likely improved AAV-HR 
through increased activation of DNA repair, through vector cap-
ture at fludarabine-promoted breaks or by altering intracellular vec-
tor processing. Most importantly, fludarabine did not reduce the 
ratio of on-target integration, as measured by ddPCR, or the ratio 
of on-target-to-off-target expression, as measured by qPCR, but 
rather increased the likelihood for on-target HR to occur, resulting 
in greater numbers of transgene-expressing hepatocytes. By con-
trast, DEN, a potent mutagen, induced higher levels of γH2AX and 
increased total hF9 mRNA fourfold at a high dose, yet mediated 
a lesser enhancement of HR-derived on-target mRNA than fluda-
rabine (twofold or less) while showing signs of toxicity. Thus, it is 
still unclear what forms of DNA damage are required for AAV-HR, 
as increased vector capture would be expected by the more geno-
toxic DEN treatment, unless cells were lost due to DEN toxicity. It 
is likely that the magnitude and type of DNA damage, in addition 
to other factors such as vector processing, are the important deter-
minants for AAV-HR efficiency54. Because the precise process of 
rAAV-mediated gene targeting is not fully understood, particularly 
in vivo, unveiling the details of such mechanisms will be the focus 
of our future studies.

Overall, these findings showed that transient treatment with 
fludarabine can safely enhance rAAV gene editing efficiencies in a 
clinically relevant manner. In the future, formulations using estab-
lished liver-targeting drug delivery technology, such as PEGylation 
or lipid nanoparticles, can specifically deliver fludarabine to the 
liver and reduce its systemic effects, further facilitating successful 
clinical applications. These refined approaches, coupled with test-
ing in other mouse strains and large animal models, will advance 
this HR-enhancing small molecule to the clinic and permit life-
long therapeutic gene modification after a single administration of 
rAAV vectors.
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Fig. 4 | Fludarabine induces a transient DNA damage response in mice. 
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are shown with γH2AX (red) and DAPI (blue). b, Images of γH2AX nuclei 
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t-test with Welch’s correction was used to test for significance. Each point 
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Fig. 5 | Fludarabine increases CRISPR/Cas9 gene editing efficiency in vivo. a, saCas9 is targeted to the intron downstream of exon 14 in the mouse  
Alb locus, delivered by AAV-saCas9. Homology-directed repair is accomplished using an AAV-encoded repair template, AAV-GFP-HDR, which contains 
a P2A-GFP transgene flanked by sequences homologous to the gRNA target site. The PAM site of AAV-GFP-HDR was mutated to avoid self-targeting; 
3′-UTR, 3′-untranslated region. ITR, inverted terminal repeats. b, Mice were treated with PBS or fludarabine, as previously described, and co-injected with 
AAV-saCas9 and AAV-GFP-HDR. Three ratios of AAV-saCas9 to AAV-GFP-HDR vector were used (1:1, 1:5 and 1:10), with each part representing 6.0 × 1012 
viral genomes per kilogram of body weight. Two weeks later, mice were sacrificed, and livers were imaged for native GFP expression. Representative images 
are shown; n = 3 to 5 mice per group. c, GFP+ cells were quantified from multiple images per mouse. A Shapiro–Wilk test was used to test for normal 
distribution, an F-test determined variation between groups, and a two-tailed Student’s t-test or t-test with Welch’s correction tested for significance. Each 
point represents data from an individual mouse; n = 3 to 5 mice per group. Bars represent the group mean, with error bars representing s.d. The P value was 
0.0012 for the 1:1 group, 0.0002 for the 1:5 group and 0.138 for the 1:10 group. d, Total RNA was extracted from mouse livers and used for quantification of 
the on-target HR-derived fusion mRNA or Alb mRNA by qPCR. mRNA levels were normalized to Actb mRNA. Data are displayed as a percentage of fusion 
mRNA out of all Alb mRNA. Each point represents data from an individual mouse; n = 3 to 5 mice per group. Bars represent the group mean, with error bars 
representing s.d. Significance testing was performed as in c. The P value was 0.0084 for the 1:1 group, 0.004 for the 1:5 group and 0.057 for the 1:10 group. 
e, Separately, mice were injected with 6.0 × 1012 viral AAV-saCas9 genomes per kilgram of body weight with or without fludarabine treatment. Two weeks 
later, gDNA was extracted from livers, and targeted deep sequencing of the gRNA target site was performed. Data are normalized to sequencing data from 
a non-injected control mouse and are displayed as a percentage of alleles containing indels; n = 3 mice per group. Bars represent the group mean, and error 
bars represent s.d. Significance testing was performed with a two-tailed t-test after testing for distribution and variance. f, The top 12 mutant alleles from 
targeted deep sequencing were analyzed for all mice and technical replicates. Indels were graphed as the percentage of reads from all mutant alleles based 
on size (x axis).
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Methods
Cell culture and compound treatment. Huh7 cells were purchased from JCRB, 
293T and Hepa1-6 cells were purchased from ATCC, and all lines were cultured 
in DMEM with 10% fetal bovine serum (FBS) and 2 mM glutamine. For HU 
(Sigma-Aldrich), fludarabine phosphate (C10H13FN5O7P, Fisher Scientific), 
triapine (Fisher Scientific) and gallium(III) nitrate hydrate (Fisher Scientific), cells 
were pretreated with each compound for 16 h at the indicated concentration, and 
the culture medium was replaced with fresh medium without compounds before 
rAAV transduction. For Torin-1 (10 μM; Fisher Scientific), FK228 (100 nM; Fisher 
Scientific), trichostatin A (200 nM; Sigma-Aldrich), MG132 (1 μM; Sigma-Aldrich) 
and teniposide (100 nM; Abcam), cells were treated with each compound for 24 h, 
and rAAV was transduced 1 h after compound addition. All compounds were 
dissolved in DMSO for in vitro assay.

Vectors. The AAV vectors containing ITR sequences used in this study are 
based on AAV type 2 backbone. The cloning of CAG-Fluc(Addgene Cat# 
83281)55 and Alb-P2A-hF9 vectors were prepared as described previously6,56. 
The HLP-hAAT vector was derived from the CAG-Fluc vector by replacing 
the CAG promoter with the HLP promoter (a kind gift from A. Nathwani, 
University College London, UK) and the Fluc gene with the hAAT gene. 
The Alb-P2A-GFP vector was generated by replacing hF9 coding sequence 
of the Alb-P2A-hF9 vector with GFP coding sequence using an In-Fusion 
HD Cloning kit (Takara). SaCas9-sgRNA8 vector and Alb-P2A-GFP vectors 
used for Fig. 5 were prepared as described previously19. For construction of 
the GAPDH-P2A-GFP vector, human genomic GAPDH segments were PCR 
amplified using 5′-GACTGTACAGGGCTGCTCACATATTCTGG-3′ (Fw) and 
5′-CTGTGTACAGAGTGTATGTGGCTGTGGCCC-3′ (Rv; both containing 
BsRG1 sites for cloning) and inserted between AAV2 ITRs into BsrGI restriction 
sites in a modified pTRUF backbone56. The genomic segment spans approximately 
1.7 kb upstream and 1.7 kb downstream to the GAPDH stop codon. We then 
synthesized a 1,359-base pair (bp) fragment spanning the region at the end 
of the GAPDH locus between the two SexA1 sites to be cloned in the vector. 
In this fragment, the GAPDH stop codon was removed, and it was inserted 
into an optimized P2A coding sequence preceded by a linker coding sequence 
(Gly-Ser-Gly) and followed by the GFP sequence (without the start codon). For 
Apoe-P2A-hF9 vector construction, a genomic fragment containing sequences 
used for both homology arms was amplified from mouse gDNA. Primers 
5′-TCCACACCTGCCTAGTCTCG-3′ and 5′-GTGCCAGAGGCAGTTGAGTT-3′ 
were used to amplify a 2.9-kb fragment, and the PCR product was directly 
cloned into the pCR Blunt II TOPO vector using the Zero Blunt TOPO 
PCR cloning kit (Invitrogen) and was sequence verified. The left homology 
arm was amplified from the cloned Apoe genomic fragment using primers 
5′-atatcatcgatcgcgatgcattaattaagcggccgAAGACTGTAGGTCCTGACCC-3′  
and 5′-ggtggcgccgcttccTTGATTCTCCTGGGCCAC-3′, the middle part 
containing hF9 sequence was amplified from Alb vector using primers 
5′-gcccaggagaatcaaGGAAGCGGCGCCACCAAT-3′ and 5′-ggagaagga 
tactcaTGTCAGCTTGGTCTTTTCTTTGATCC-3′, and the right homology 
arm was amplified from the cloned Apoe genomic fragment using 
primers 5′-aagaccaagctgacaTGAGTATCCTTCTCCTGTCCTGC-3′ and 
5′-acgtaacagatctgatatcacgcgtgtacactagtGCCCTGCTGAGTCCCTGAG-3′.  
Lowercase letters indicate the overlapping sequences. Phusion Hot Start Flex 
(NEB) was used for all amplifications. Amplicons were assembled using the 
NEBuilder HiFi DNA Assembly Master Mix (NEB) according to instructions.

Animals. All animal work was performed in accordance to the guidelines for 
animal care at Stanford University or approved by the International Centre for 
Genetic Engineering and Biotechnology review board, with full respect to the 
European Union Directive 2010/63/EU for animal experimentation and by the 
Italian Health Minister (authorization 996/2017-PR). Wild-type C57BL/6 (B6) 
mice were purchased from Jackson Laboratory. We used 3- to 4-week-old juvenile 
male mice to test the effect of RNR small-molecule inhibitors on gene targeting 
efficiency, as these animals are still undergoing development and growth, including 
in the liver. Neonatal mice were 1-week-old females and males at the time of vector 
and drug injection. Both vector and drug were injected i.p. in neonatal mice. Mice 
were housed at 18.3–23.9 °C, with 40–60% humidity on a 12-h light/12-h dark 
cycle. Food and water were given ad libitum.

Mouse AAV injection, drug dosing, bleeding and tissue sampling. B6 mice 
received tail vain injections of rAAV8 packaging each vector at the designated 
dose and were bled at indicated time points into heparinized capillary tubes 
(Thermo Fisher). Mouse body weight was measured using a Scout Pro portable 
scale (Ohaus) at the indicated time points. Plasma samples were obtained by 
centrifugation at 9,600g for 10 min and used for ELISA assays of hF9 or hAAT, 
alanine aminotransferase (ALT) enzyme measurements and complete blood 
count tests. HU and fludarabine were resuspended in PBS and injected i.p. with 
the indicated dose/regimen. For our studies examining the in vivo effects of RNR 
inhibitors, we chose to use HU and fludarabine due to their FDA approval and 
well-established safety profiles. The drug dosing was based on information from 
several preclinical studies.

Briefly, an initial dose of 1,000 mg kg–1 injection of HU showed severe toxicity, 
leading us to reduce the dose to 300 mg kg–1 per day. For fludarabine, a 10% 
lethal dose (LD10) for a single dose or for five daily i.v. infusions was about 980 
and 400 mg kg–1 per dose, respectively, in male mice according to the product 
monograph of fludarabine. Additionally, 5-d doses of half the LD10 or ~200 mg kg–1 
per dose was considered safe, and administration of a smaller dose (125 mg kg–1) 
three times a day over 3 d (1,125 mg kg–1 total dose) produced the greatest activity 
in a leukemia tumor xenograft model. Using this information, we decided to use 
a dose of three 125 mg kg–1 injections per day (375 mg kg–1 d–1) of fludarabine for 
3 d. All drug administrations were i.p. For BrdU labeling of proliferating mouse 
hepatocytes, BrdU was resuspended in PBS and i.p. injected at 200 mg kg–1 per 
day for 3 d or 7 d. DEN solution was prepared using saline. We determined an 
appropriate dose of DEN after finding that administration at 100 mg kg–1 resulted 
in severe weight loss requiring euthanasia. Dosing at 10 or 30 mg kg–1 as a single 
injection per day for 3 sequential days was well tolerated and used to examine the 
drug’s genotoxic effect on gene targeting. At the end of each experiment, mice 
were anesthetized with isoflurane and perfused transcardially with PBS, and liver 
tissues were quickly collected and cut into several pieces. The tissues for mRNA 
extractions were immediately submerged in RNAlater solution (Sigma-Aldrich) 
and stored at 4 °C until use. For gDNA or protein extraction, tissues were 
snap-frozen in liquid nitrogen and stored at −80 °C until use.

Hematology and liver pathology. Complete blood count and liver 
histopathological analyses were performed in mice injected with three 125 mg kg–1  
injections of fludarabine per day for 3 d. On the day of the last injection and  
4 weeks after that, mice were submitted to the Veterinary Service Center at 
Stanford University for standard blood paneling tests and blinded analysis of  
liver pathology by a skilled veterinary pathologist.

AAV production. rAAV vectors were produced as previously described using a 
triple transfection protocol with Ca3(PO4)2 or PEI 25K, followed by purification 
by CsCl gradient57 or using an AAVpro Purification kit (all serotypes; Takara). 
Purified rAAVs were stored at –80 °C until use. rAAV genomes were extracted 
and purified using a QIAamp MinElute Virus Spin kit (Qiagen) and were titered 
by qPCR. The sequence information of primers is shown in Supplementary Table 3.

Firefly luciferase assay. Luciferase assays were performed using the ONE-Glo 
Luciferase Assay System (Promega) following the manufacturer’s instruction. 
Briefly, at indicated time points after rAAV (CAG-Fluc) transduction, an equal 
volume of the reconstituted substrate to the cultured medium was added to 
the cells grown in 96-well plates and incubated for 10 min with gentle shaking. 
Luminescent activity was measured using a plate reader and Tecan i-control 
Microplate Reader Software.

siRNA transfection. ON-TARGETplus siRNA against human RRM1 and 
POLR2A as well as scramble control siRNA (Dharmacon) were transfected into 
Huh7 cells using RNAiMAX (Life Technologies) according to the manufacturer’s 
instructions. The final concentration of siRNA was 20 nM. AAVDJ packaging 
GAPDH-P2A-GFP vectors were added into the cultured medium at a 
multiplicity of infection of 20,000 vector copies per cell at 48 h after siRNA 
transfection. Flow cytometry was performed for detection of GFP+ fractions at 
the indicated time points.

Flow cytometry. Huh7 or Hepa1-6 cells were collected and washed with cold 
PBS and resuspended in cold PBS containing 3% FBS. Cells were kept on ice and 
protected from light until analyzed. Singlet cells were determined based on forward 
scatter/side scatter (FSC/SSC) plot, and GFP+ fractions were gated based on a 
negative control, which was non-transduced cells. The number of GFP-expressing 
cells was evaluated using the BD FACSCalibur instrument with CellQuest software, 
and data were analyzed using the FlowJo software package. GFP+ hepatocytes 
were sorted by FACS at the Stanford Shared FACS Facility core. Singlet cells were 
determined based on FSC/SSC plot, and GFP+ fractions were gated based on a 
negative control, which was hepatocytes isolated from non-injected mice.

RNA extraction and cDNA preparation. Total RNA was extracted using an 
RNeasy micro plus kit (Qiagen) according to the manufacturer’s protocol with 
DNase treatment. Liver tissue samples stabilized in RNAlater solution (~100 mg) 
were homogenized in RINO 1.5-ml Screw-Cap tubes filled with stainless steel 
beads and 600 μl of RLT buffer (including β-mercaptoethanol) using a bead 
homogenizer (Next Advance Bullet Blender Storm). Total RNA was extracted 
from the tissue lysates using an RNeasy plus mini kit (Qiagen) with additional 
on-column DNase treatment. cDNA was synthesized from 200–500 ng of total 
RNA using a High-Capacity RNA-to-cDNA kit (Life Technologies) according to 
the manufacturer’s instructions.

gDNA extraction. Cultured cells were collected by trypsinization and washed with 
PBS. Total gDNA was extracted using a QIAamp DNA Mini kit (Qiagen) according 
to the manufacturer’s protocol with RNase A treatment. Snap-frozen liver tissue 
(~100 mg) was homogenized in RINO 1.5-ml Screw-Cap tubes filled with stainless 
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steel beads and 600 μl of AL buffer using a bead homogenizer. Total RNA was 
extracted from the tissue lysates using a DNeasy Blood & Tissue kit (Qiagen).

PCR, qPCR and qPCR with reverse transcription. PCRs to amplify genomic 
regions where homologous integrations occurred (junction PCR) were performed 
using Q5 Hot Start High-Fidelity 2× Master Mix (NEB). The following cycling 
conditions were used in 20-µl reactions: human ACTB (one cycle of 98 °C for 30 s, 
28 cycles of 98 °C for 10 s, 60 °C for 15 s and 72 °C for 10 s and one cycle of 72 °C 
for 2 min), GAPDH-P2A junction (one cycle of 98 °C for 30 s, 35 cycles of 98 °C for 
10 s, 62 °C for 15 s and 72 °C for 1 min and one cycle of 72 °C for 2 min), mouse Alb 
(one cycle of 98 °C for 30 s, 32 cycles of 98 °C for 10 s, 60 °C for 10 s and 72 °C for 
2 min and one cycle of 72 °C for 2 min), hF9-Alb junction nested PCR (one cycle 
of 98 °C for 30 s, 20 cycles using 50 ng of gDNA for the first PCR and 25 cycles 
using 2 µl of the first PCR product for the second PCR of 98 °C for 10 s, 62 °C for 
15 s and 72 °C for 1 min and one cycle of 72 °C for 2 min). Ten microliters of each 
PCR product was analyzed on 1% agarose gels containing ethidium bromide 
and visualized using ChemiDoc Imaging Systems (Bio-Rad). Primer sequence 
information is listed in Supplementary Table 3.

qPCR was performed in duplicate using Apex qPCR Green Master Mix 
(Genesee Scientific) and a CFX384 Touch Real-Time PCR Detection System 
(Bio-Rad) using the following cycling conditions: 95 °C for 15 min, 45 cycles of 
95 °C for 10 s, 60 °C for 10 s and 72 °C for 10 s and one cycle of 95 °C for 10 s and 
65 °C for 1 min and 65–97 °C (5 °C s–1). Standard curves for each primer set were 
generated using serially diluted linearized plasmid and used for quantification. 
CFX Maestro Software was used for data analysis, and relative mRNA expression 
levels were calculated by normalization against Actb. All sequence information of 
primers is listed in Supplementary Table 3.

Hepatocyte isolation. Primary hepatocytes were isolated by anesthetizing mice, 
cannulating a 23-gauge needle into the inferior vena cava, cutting the liver portal 
vein and performing whole-liver perfusion with Hank’s balanced salt solution 
(HBSS) supplemented with 0.5 mM EDTA. Subsequently, a 0.25 mg ml–1 solution of 
collagenase (Sigma-Aldrich) and 5 mM CaCl2 (Thermo Fisher) dissolved in HBBS 
was used to perfuse and dissolve the liver tissue. Gentle physical agitation was used 
to fully dissociate the liver tissue, and hepatocytes were isolated by three serial 
centrifugations (50g) at 4 °C and counted following resuspension. Hepatocytes were 
kept on ice until FACS.

ddPCR. Approximately 150 to 300 ng of gDNA from GFP+ hepatocytes or 
negative-control hepatocytes were digested in 25-µl reactions with SpeI at 37 °C 
for 1 h. Then, approximately 25 ng of digested gDNA was added to a 25-µl PCR 
reaction containing ddPCR Supermix for Probes (no dUTP; Bio-Rad), 900 nM 
target-specific primers and 250 nM amplicon-specific probes. Droplets were 
generated using 22 µl of PCR reactions and 70 µl of oil (Bio-Rad) according 
to manufacturer’s instructions using a QX200 droplet generator. Reactions 
were cycled as follows: 95 °C for 10 min, 50 cycles of 95 °C for 30 s, 60 °C for 
30 s and 72 °C for 6 min and one cycle of 95 °C for 10 min, followed by a hold 
at 4 °C until droplet reading. Droplets were read using absolute quantification 
on the QX200 system. Primers to amplify a 1.6-kb non-targeted region of 
endogenous mouse Alb were 5′-CTGCTGTGCACCAGTTGATGTT-3′ and 
5′-TGCTTTCTGGGTGTAGCGAACT-3′, combined with a HEX-labeled probe 
(5′-TCTGGTGCTGAGGACACGTAGCCCAGT-3′). Primers to amplify on-target 
HR with a 1.4-kb amplicon were 5′-GGGCAAGGCAACGTCATGG-3′ and 
5′- CCAGGGTTCTCTTCCACGTC-3′, combined with a FAM-labeled probe 
(5′-GCCCAAGGCTAC AGCGGAGC-3′). Data were analyzed with Quantasoft 
software.

Protein extraction and western blotting. Total cell lysates from cultured cells or 
mouse liver tissues were prepared using RIPA buffer containing Halt Protease and 
Phosphatase Inhibitor Cocktail (Thermo Fisher). Liver tissues were homogenized 
in RINO 1.5-ml screw-cap tubes filled with stainless steel beads and 600 μl of 
RIPA buffer using a bead homogenizer. Protein concentrations were measured 
using a Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher), and 
the same amount of protein for each sample was loaded into NuPAGE 4–12% 
Bis-Tris Protein Gels (Thermo Fisher). An iBlot2 transfer system (Thermo Fisher) 
was used for western blotting. PVDF membranes were blocked with 5% bovine 
serum albumin containing TBS plus 0.1% Tween 20 (TBS-T) buffer, and the 
following first antibodies were used: anti-RRM1 (D12F12; 1:1,000; Cell Signaling 
Technology), horseradish peroxidase (HRP)-conjugated anti-α-tubulin (11H10; 
Cell Signaling Technology; 1:2,000) and anti-γH2AX (EP854(2)Y; Abcam; 1:2,000). 
An anti-rabbit IgG HRP-conjugated antibody (1:5,000) (GE Healthcare) was 
used, and signals were detected using Pierce ECL Plus Western Blotting Substrate 
(Thermo Fisher) and ChemiDoc Imaging Systems (Bio-Rad).

Southern blotting. Nuclear fractions of Huh7 cells were obtained using NE-PER 
Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher), and gDNA was 
extracted using a QIAamp DNA Mini kit (Qiagen) and digested overnight with 
XhoI (NEB) to cut only host gDNA. Digested DNA was run in a 1% TAE agarose 
gel at room temperature overnight. After electrophoresis, the gel was washed 

with denaturing buffer (3 M NaCl and 400 mM NaOH) twice for 5 min, and DNA 
was transferred to an Amersham Hybond-XL membrane (GE Healthcare) using 
transfer buffer (3 M NaCl and 8 mM NaOH) overnight. Membranes were washed 
with 2× saline sodium citrate (SSC) buffer for 5 min and blocked with UltraPure 
Salmon Sperm DNA (Thermo Fisher) in QuikHyb Hybridization Solution (Agilent 
Technologies) for 1 h at 65 °C. Probes for GFP (574 bp) were generated using 
gel-purified PCR amplicons containing GFP sequence and a BcaBEST Labeling 
kit (Takara) and [α-32P]-dCTP (PerkinElmer), and probe hybridization were 
performed overnight at 65 °C with rotation. The membrane was washed with 2× 
SSC buffer and with 2× SSC containing 0.1% SDS at 65 °C. Signals were visualized 
using a Personal Molecular Imager System (Bio-Rad) and analyzed with Quantity 
One 1-D software (Bio-Rad).

Immunohistochemistry staining of liver sections. For all in situ hybridization 
and immunostaining experiments, liver tissue was dissected into 2- to 3-mm pieces 
and fixed for 24 h in 10% neutral buffered formalin (Sigma-Aldrich) at 4 °C. Tissue 
was subsequently processed through 10%, 20% and 30% sucrose solutions for 
24 h each and frozen embedded into optimal cutting temperature (OCT) medium 
(Sakura Finetek) with liquid nitrogen and 2-methylbutane (Sigma-Aldrich). Frozen 
tissue was sectioned into 16-µm-thick sections using a Microm HM550 Microtome 
(Thermo Scientific). Tissue sections were blocked with antibody diluent comprised 
of 5.0% normal donkey serum (Jackson Immuno Research) and 0.1% Triton-X 
100 (Sigma-Aldrich). GFP was stained with an anti-GFP chicken IgY primary 
antibody (1:100; Invitrogen), and phosphorylated Ser 139 γH2AX was stained with 
a rabbit monoclonal antibody (20E3; 1:250; Cell Signaling Technology). Polyclonal 
secondary detection antibodies consisted of anti-chicken IgY antibody conjugated 
to Alexa Fluor 488 (1:400; Jackson Immuno Research) and polyclonal anti-rabbit 
IgG antibody conjugated to Alexa Fluor 594 (1:400; Thermo Scientific).

Detection of BrdU-incorporated DNA was accomplished with heat denaturing 
in an antigen retrieval buffer (Advanced Cell Diagnostics), followed by staining 
with rat monoclonal anti-BrdU (BU1/75 (ICR1); 1:150; Abcam) and secondary 
Alexa Fluor 594 antibody (1:400; Thermo Scientific). All immunohistochemistry 
slides were mounted with Prolong Diamond Antifade with DAPI (Thermo 
Scientific) and imaged on a Zeiss LSM 880 confocal microscope with identical laser 
intensities and exposure times. Specificity of all staining procedures was ensured 
with appropriate biological controls and control slides stained with secondary 
antibody only.

For enhanced GFP (eGFP) experiments with Cas9, specimens were frozen 
in OCT compound (BioOptica), and 4-µm slices were obtained on a cryostat. 
The percentage of eGFP+ cells in liver specimens was detected by natural GFP 
fluorescence, while nuclei were visualized by Hoechst (10 lg ml–1) staining. Slides 
were mounted in Mowiol 4-88 (Sigma-Aldrich). Images were acquired on a 
Nikon Eclipse E-800 epifluorescence microscope with a charge-coupled device 
camera (DMX 1200F; Nikon). Digital images were acquired on a Nikon Ti Eclipse 
inverted fluorescence microscope equipped with an Intensilight Epi-fluorescence 
Illuminator, a Perfect Focus 3 system and a ×20 (0.45-NA) objective. Acquisition 
was performed with a DS-Qi2 16 Mpixel camera (Nikon). NIS Elements 
microscope imaging software (Nikon) was used to quantify the total number of 
cells (Hoechst staining) and GFP+ cells. The settings of Automated Spot Detection 
were set to detect all bright spots with a typical minimum diameter of 8 μm. The 
function ‘Detect all objects’ was activated, and spot detection output was directly 
exported to Excel, where data analysis was performed. For each animal, an average 
of 10,000 nuclei were counted. Measurements (GFP+ cells per total nuclei) were 
averaged for each animal, and the results were expressed as mean ± s.d. for each 
treatment.

RNAScope in situ hybridization of hF9. Liver tissue was processed for RNA 
in situ hybridization as described above. Fixed frozen tissue was sectioned into 
9-µm-thick sections, and RNAScope hybridization was performed according to 
the manufacturer’s protocol (Advanced Cell Diagnostics). A custom probe was 
designed to detect codon-optimized hF9 mRNA, while control probes targeted 
either murine peptidylprolyl isomerase B (PPIB) (positive control for RNA quality) 
or bacterial 4-hydroxy-tetrahydrodipicolinate reductase (dapB; negative control). 
RNA specificity was confirmed using RNase digestion of control tissue sections, 
and slides were counterstained with 50% hematoxylin (Thermo Scientific). 
Imaging was performed using a Leica DM2000 brightfield microscope.

Image analysis. All image analysis was performed in a blinded manner. Analysis 
of BrdU incorporation was performed manually, requiring nuclear colocalization 
of BrdU signal and greater signal intensity over background to be recorded as a 
positive nucleus. Signal from overtly non-hepatocyte nuclei directly associated 
with larger liver structures, such as central veins or bile ducts, were not included in 
the tally. Analysis of BrdU incorporation and GFP colocalization was performed 
similarly. Scoring of phosphorylated Ser 139 γH2AX was performed using ImageJ 
software.

ELISA. Mouse plasma samples were used to quantify hF9 or hAAT protein 
expression levels. ELISAs for hF9 were performed as previously described6 with 
the following antibodies: mouse anti-hF9 IgG (1:1,000; HIX-1, Sigma-Aldrich) and 
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polyclonal goat anti-hF9 peroxidase-conjugated IgG (1:4,000; Enzyme Research). 
ELISAs for hAAT were performed as previously described56.

Targeted Illumina deep sequencing. gDNA was extracted from liver tissue 
using phenol/chloroform extraction following incubation with RNase A and 
proteinase K. gDNA was submitted to the Genome Engineering and iPSC Center 
at Washington University in St. Louis for targeted deep sequencing of the gRNA 
target site on the 2 × 250 Illumina MiSeq platform.

Statistics. GraphPad Prism was used for statistical analysis. Groups of two were 
analyzed by unpaired t-test. More than two groups were compared by one-way 
ANOVA with Bonferroni correction. ELISA and body weight time courses were 
analyzed by two-way ANOVA. Statistical significance was assumed with a  
P value of <0.05 (*), <0.01(**) and <0.001 (***). Bars in graphs represent the  
s.d. for each group.

Image analysis was performed using two-tailed t-tests between groups. 
Normally distributed data, determined by a D’Agostino Pearson test or Shapiro–
Wilk test, were analyzed with a parametric Student’s t-test if groups had equal 
variance. Groups with unequal variance were analyzed with an unpaired t-test with 
Welch’s correction. Variance testing was performed with an F-test. Significance in 
non-normally distributed data was determined using a non-parametric Mann–
Whitney U-test.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data generated in this manuscript are fully available upon reasonable request 
made to the corresponding author. Source data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | rAAV-mediated gene targeting efficiency in vitro with various compounds and the assessment of toxicity from fludarabine or 
hydroxyurea administration in mice. a, The effect of each compound on rAAV-mediated gene targeting efficiency was tested in Huh7 cells by treatment 
with each drug followed by transduction with an AAVDJ gene targeting vector, GAPDH-P2A-GFP. Flow cytometry analysis of GFP positive cells 2 days 
after treatment is shown. Data is representative of two independent experiments, each with three biological replicates. Data is displayed as the group 
mean with error bars representing s.d.; n = 3 biological replicate wells. Significance testing was performed by a one-way ANOVA with Dunnett’s multiple 
comparison test and two-tailed t test. P-value for Torin-1 was .0046, MG132 was .076, TSA was .301, and .0003 for Teniposide. b, Mice were treated 
with hydroxyurea (HU) (300 mg/kg/day) or fludarabine (Flu) (375 mg/kg/day) for three days. Body weight was monitored over 6 weeks after drug 
administration. Data is displayed as the group mean with error bars representing s.d.; n = 5 individual mice per group. Significance testing was performed 
by a two-way ANOVA. c, Serum alanine transaminase (ALT) levels were evaluated 3 days after the last drug administration. Data is displayed as the 
group mean with error bars representing s.d.; n = 5 mice per group. Significance testing was performed by a one-way ANOVA with Dunnett’s multiple 
comparison test. P-value for HU-treatment was <0.0001 and .4343 for Flu-treatment. d, Mice were treated with fludarabine (Flu) (375 mg/kg/day) or 
PBS for three days. Groups of two PBS mice or three fludarabine-treated mice were submitted 12 hours after the final drug injection (hpi). A second cohort 
of mice was submitted 30 days after injections (dpi). Livers were collected for H&E staining and subsequent blinded analysis by a trained veterinary 
pathologist. Representative images of H&E-stained liver sections from fludarabine treated mice are shown, at 12 hpi (left column) and 28 dpi (right 
column). Top panel is images with a 5x objective and bottom panel with a 20x objective. e, Livers were weighed at the time of collection at either 12 hpi or 
30 dpi. Hematological analysis of these mice is available in Supplementary Table 2. Each point represents data from one animal with n = 2 or 3 per group 
from one independent experiment. Error bars represent s.d., where applicable. f, Total RNA was extracted from liver tissue from the animals in Fig. 2. qPCR 
using primers (Fw1 and Rv1) (Fig. 2d) determined the levels of endogenous albumin mRNA following treatment with PBS, HU, or Flu. Data is shown as the 
mean and error bars represent s.d; n = 5 animals per group. Statistical testing was performed with a one-way ANOVA analysis followed by Dunnett’s t-test 
from one independent experiment.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | RNAScope in situ hybridization of mAlb and hF9 in mouse liver. a, Detection of hF9 mRNA (red) in liver sections using RNAScope 
in situ hybridization. Liver sections of mice from non-injected, PBS-treated, and Flu-treated groups at the end of experiment in Fig. 2 (60 days after rAAV 
transduction, ~12 weeks of age) were used for hybridization and counterstained with hematoxylin. Representative images from each injected group are 
shown. b. Representative images of RNAScope in situ hybridization are provided. In the first two columns, mAlb mRNA was stained in a non-injected 
normal mouse to determine the albumin locus expression characteristics. Specificity for RNA was confirmed by digestion of tissue with RNAseA. c, 
Additional images of hF9 mRNA staining in mice injected with Alb-P2A-hF9 vector, with or without fludarabine treatment are shown at various levels of 
magnification.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Fludarabine treatment increases AAV-HR in neonatal mice. a, Female neonatal mice were injected with i.p. with PBS or 
Fludarabine (375 mg/kg) and four hours later with rAAV8-Alb-P2A-hF9 (2.5 × 1013 vg/kg) at one week of age. Fludarabine was administered once more, 
one day after vector injection. Four weeks later, plasma was drawn and hF9 levels measured at various time points by ELISA. Data shown is from n = 9 mice 
per group and displayed as the group mean with error bars representing s.d. Significance testing was performed by two-way ANOVA analysis. b, Genomic 
DNA was extracted from liver tissues of male neonates (from Fig. 2h) 84 days after rAAV8-Alb-P2A-hF9 vector injection and qPCR was performed to 
quantify the amount of total AAV genomes. Actb primers were used for quantification of the number of diploid genomes. Data is displayed as the group 
mean with error bars representing s.d.; n = 6 PBS-treated and n = 8 fludarabine-treated mice. Significance in all qPCR data in this figure was determined 
using two-tailed Student’s T tests, after testing for normal distribution with Shapiro-Wilk test and F tests for variance. For all qPCR data Actb mRNA was 
used for normalization and data is shown as relative expression to the PBS-treated group. c, Male and female mouse weights were monitored following 
treatment with PBS or Fludarabine and rAAV8-Alb-P2A-hF9. Data is displayed as the group mean with error bars representing s.d.; n = 17 PBS-treated 
and n = 18 fludarabine-treated mice. Significance testing was performed by 2-way ANOVA analysis. d, On-target fusion hF9 mRNA was quantified from 
liver tissues of the male mice at the end of the time course, using primers Fw1 and Rv2 (from Fig. 2e). Data is displayed as the group mean with error bars 
representing s.d.; n = 6 PBS-treated and n = 8 fludarabine-treated mice. A Shapiro-Wilk test was used to test for normal distribution, and F test determined 
variation between groups, and two-tailed Student’s t-test was used to test for significance in d-g. p-value was .008. e, Total hF9 mRNA was also quantified 
from the male mice using primers Fw2 and Rv3 (from Fig. 2f). Data is displayed as the group mean with error bars representing s.d.; n = 6 PBS-treated and 
n = 8 fludarabine-treated mice. p-value was .0035. f, The fraction of hF9 fusion mRNA derived from on-target HR out of the total amount of hF9 mRNA is 
shown. Data is displayed as the group mean with error bars representing s.d.; n = 6 PBS-treated and n = 8 fludarabine-treated mice. g, mAlb mRNA was 
quantified from the male mice using primers Fw1 and Rv1 (from Fig. 2). Data is displayed as the group mean with error bars representing s.d.; n = 6 PBS-
treated and n = 8 fludarabine-treated mice.

NATuRe BIoTeCHNoloGy | www.nature.com/naturebiotechnology

http://www.nature.com/naturebiotechnology


Articles NATuRE BIoTECHNology

Extended Data Fig. 4 | The effect of different Flu dosing regimens on gene targeting efficiency. a, Four-week-old mice were treated with various Flu 
doses, differing in the length of administration, as described in Fig. 2i, as well as injected i.v. with the gene targeting Alb-P2A-hF9 vector (1 × 1011 vg/
mouse) on Day 1 of Flu treatment. Plasma hF9 protein levels from the same mice in Fig. 2i were determined via ELISA for a 90-day time course. Data 
is displayed as the group mean with error bars representing s.d.; n = 4 mice per group. Significance testing was performed by a two-way ANOVA with 
Dunnett’s multiple comparison test. P-value of the 3-day treatment was .0004 and < .0001 for the 5-day treatment. b, Body weight of mice in each treated 
group were monitored throughout the time course. Data is displayed as the group mean with error bars representing s.d.; n = 4 mice per group. Statistics 
were performed by two-way ANOVA. P-value for the 1-day treatment was .001.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | The effect of DeN administration on the efficiency of gene targeting in mice liver. a, DEN (10 or 30 mg/kg) was administered 
through a single i.p. injection per day for three days. Mice were also injected i.v. with rAAV8 packaged Alb-P2A-hF9 gene targeting vector (1.0 × 1011 vg/
mouse) on Day 1. Body weight was measured at the indicated time points. Data is displayed as the group mean with error bars representing s.d.; n = 4 
mice per group. Significance testing was performed by two-way ANOVA with Dunnett’s multiple comparison test. P-value for DEN-10 treatment was .1589 
and .0065 for DEN-30 treatment. b, Plasma hF9 protein levels in each treatment group was determined by ELISA. Data is displayed as the group mean 
with error bars representing s.d.; n = 4 mice per group. Significance testing was performed by one-way ANOVA with Dunnett’s multiple comparison test. 
P-value for DEN-10 treatment was .1301 and < .0001 for DEN-30 treatment. c-f, Total RNA was extracted from liver tissues and qPCR was performed to 
quantify the expression levels of (c) total hF9 mRNA, (d) endogenous albumin mRNA and (e) on-target integration derived Alb-P2A-hF9 fusion mRNA. 
(f) The fraction of hF9 fusion mRNA derived from on-target HR out of the total amount of hF9 mRNA is given. Actb mRNA was used for normalization and 
each data is shown as relative expression to the vehicle (saline)-injected control group. Data is displayed as the group mean with error bars representing 
s.d.; n = 4 mice per group. Significance was determined using two-tailed unpaired t tests for normally distributed data with equal variance or Welch’s 
correction for data with significantly different variance. Testing of non-normally distributed data was performed with a non-parametric Mann-Whitney U 
test.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Fludarabine does not increase transduction of CRISPR/Cas9 encoded rAAV vectors or saCas9 mRNA. a-b, At the conclusion of 
the two-week experiment in Fig. 5, DNA was extracted from livers of rAAV-injected animals. Viral genomes were quantified by qPCR and normalized to 
cellular genomic DNA. The donor rAAV repair template AAV-GFP-HDR is presented on the top panel (a), while AAV-Cas9 is displayed in the middle panel 
(b). Each point represents data from one animal, with n = 3 to 5 mice per group. Error bars represent s.d. Significance testing was performed using two-
tailed t tests or Mann-Whitney U test if data was non-normally distributed. c, Mice were injected with SaCas9 (6.0E12 vg/kg) following fludarabine or PBS 
treatment as in Fig. 5f–g. Two weeks later, total RNA was extracted and saCas9 mRNA levels quantified by qPCR. n = 3 mice per group. Error bars represent 
s.d. Significance was determined using two-tailed t test.
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